Lack of Citrate Lyase -the Key Enzyme of the Reductive Carboxylic Acid Cycle -in Chlorobium thiosulfatophilum and Rhodospirillum rubrum
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Extracts of Chlorobium thiosuljatophilum and of Rhodospirillum rubrum have been tested for the presence of citrate lyase under various conditions. This enzyme could not be detected. It is, therefore, concluded that a complete reductive carboxylic acid cycle does not occur in these microorganisms.
The enzymes required for a-ketoglutarate synthesis from oxaloaetate and acetyl-coenzyme A are present in autotrophically grown cells of C. thiosulfatophilum and R. rubrum. This supports the view that a reaction sequence catalyzing the conversion of a-ketoglutarate into oxaloacetate is unlikely to exist in these bacteria.
A number of anaerobic and phototrophic bacteria contain enzyme systems which catalyze the formation of a-keto acids from acyl-CoA esters by fer- 
Methods and Material
R. rubrum strain SMG107(ha) and C. limicola f. thiosulfatophilum strain SMG 249 (Tassajara) were grown as described by PFENNIG 9 10 and Rhodopseudomonas gelatinosa strain SMG 149 was cultured as mentioned in the preceding publication n . In order to obtain enough cell material for enzymatic studies the bacteria were grown in completely filled 10-1 carboys at 4000 Lux (C. thiosulfatophilum) or 6000 Lux (R. rubrum) with slow agitation by a magnetic stirrer.
For the preparation of cell-free extracts 2 to 3 g frozen cells of R. rubrum were thawed in 6 ml of 0.1 M triethanolamine (TEA)-hydrochloride buffer, pH 7.6 and sonicated for 5 min (10 intervals) in a 10 kHz disintegrator (Schoeller u. Co., Frankfurt). During sonication the temperature was kept below 10 C. Cell homogenates were usually centrifuged for 60 min at 100 000 g (0 -2C). Some experiments were carried out with homogenates or with extracts obtained by centrifuging the homogenates for 30 min at 20 000 g. Cell-free extracts of C. thiosulfatophilum and Rps. gelatinosa were prepared similarly except that the time of sonication was 6 and 7 min, respectively.
Protein was determined according to BEISENHERZ et al. 12 after extraction of the pigments with acetone (two times with 4 ml). For purified citrate synthase samples the method of WARBURG and CHRISTIAN 18 was used.
Optical assays were performed with a Zeiss PM 4 spectrophotometer in cuvettes of 1 cm light path at room temperature. They were carried out as described in the literature: citrate lyase 14 ; citrate synthase 15 ; cis-aconitase 16 ; isocitrate dehydrogenase 17 ; malate dehydrogenase 18 and phosphotransacetylase 19 . Citrate synthase of C. thiosulfatophilum was determined by a radioactive assay procedure 20 .
The radioactive assay of citrate lyase was carried out in a Warburg apparatus under a nitrogen atmosphere at 30 C. The vessels contained in a final volume of 3 ml: TEA-HC1 buffer, pH 7.6, 100 MM; MgCl2 or ZnCl2, 0.5 MM; NADH2, 0.2 MM; radioactive citrate, 0.66 MM; malate dehydrogenase, 20 jug and cell-free extract, 3.6 to 17.8 mg of protein. Additions made in some experiments: ferrous ammonium sulfate, 0.5 MM; NADP, 0.4 MM; 2-mercaptoethanol, 14 MM; ATP, IMM; and coenzyme A, 1 MM. To adsorb carbon dioxide the center wall contained 0.2 ml of 1 M hyamine hydroxide in methanol. The reaction was started with the addition of cell-free extract from the side arm. It continued for 60 min and was stopped with 0.1 ml of 3 M HCl. Protein was denatured by heating the samples in a boiling water bath for 3 min and removed by centrifugation. Then the samples were applied to a Dowex-50 column (200-400 mesh, 1 cm in diameter and 7 to 8 cm high). Fractions 1 to 5 contained the organic acids.
They were concentrated and further fractionated on Dowex-l-formate. Amino acids were eluted from Dowex-50 with 0.5 M ammonia. After concentration in vacuo they were analyzed by paper chromatography in two solvent systems and by electrophoresis. Organic acids were applied to a column, 1.4 cm in diameter x 5 cm, of Dowex-l-formate, 200 -400 mesh and eluted with 0.2 M; 1 M and 4 M formic acid (10 ml each). The fractions with 1 M and 4 M HCOOH contained organic acids others than acetate; they were concentrated and chromatographed. In cases were the 0.2 M HCOOH fractions contained radioactivity, samples were brought to dryness under an infrared lamp and the volatile radioactivity was determined.
Paper chromatography 21 : butanol-2 : formic acid : water (6:1:2); propanol-1 : ammonia (25% w/v) : water (6:3:1).
Electrophoresis: Glutamate and aspartate were separated by high voltage electrophoresis in 50 MM ammonium formate, pH 3.85. Conditions: 27.5 v/cm; 50 mA; 2.5 hr in a Pherograph of Hormuth and Vetter, Heidelberg/Wiesloch.
Radioactivity was determined in a Packard Tri-Carb scintillation spectrometer (model 3325). The scintillation fluid of BRAY 22 was used.
l-14 C-citrate was synthesized as described previously 8 . The reaction mixture for the synthesis of 5-14 C-citrate contained in a final volume of 2 ml: KP04 buffer, pH 8.0, 0.1 M; l-14 C-acetylphosphate (7.1-10 6 cpm/^mole), 0.5 MM; K-oxaloacetate, 10 MM; coenzyme A, 0.2 MM; phosphotransacetylase, 10 jug; citrate synthase, 40 pg. The reaction was run for 60 min and was stopped by heating in a boiling water bath for 3 min. Radioactive citrate was isolated by chromatography on Dowex-l-formate and purified by paper chromatography.
A citrate synthase sample free of malate dehydrogenase was prepared from cell-free extracts of R. rubrum as follows: To 100 ml cell-free extract (9.25 mg of protein/ml) in 50 MM tris (hydroxymethyl)-aminomethane (Tris)-hydrochloride buffer, pH 8.0, 0.1 volume of a 1% (w/v) solution of protamine sulfate was added with stirring. After centrifugation at 48 000 g for 30 min the precipitate was discarded and the supernatant was brought to 40% saturation on ammonium sulfate. After centrifugation (48 000 g, 10 min) the ammonium sulfate saturation of the supernatant was raised to 60%. Protein was collected by centrifugation as above, dissolved in 4 ml of the above buffer and dialyzed against 1000 ml buffer for 12 hrs. The protein solution (6 ml) was applied to a column (1.5 cm in diameter x 20 cm high) of DEAE-cellulose (Whatman-DE 52) equilibrated against 50 MM Tris-HCl buffer, pH 8.0. The column was developed with a 500 ml gradient from the above buffer to 50 MM Tris-HCl buffer, pH 8.0, containing 0.5 M KCl. Fractions of 2 ml were collected and citrate synthase was eluted with the fractions 60 to 70. They were concentrated by ammonium sulfate precipitation (70% saturation) and further purified by gel filtration on a Sephadex G 200 column (0.9 cm in diameter x 60 cm). Citrate synthase-containing fractions were obtained which were free of malate dehydrogenase (Tab. V). 4-14 C-aspartate and 1.5-14 C-citrate were products of the New England Nuclear Corp., Boston and l-14 C-acetic anhydride of the Radiochemical Centre, Amersham. l-14 C-acetyl phosphate was synthesized by the method of KORNBERG et al. 23 .
Results
Cell-free extracts of C. thiosulfatophilum and R. In order to get hold of possible smaller amounts of citrate lyase experiments with radioactive citrate were performed. The employment of a radioactive assay allowed also to test intensely coloured cell homogenates. The incubations with 1.5-14 C-citrate proceeded under various conditions. These included: incubation in the presence of malate dehydrogenase and NADH2, under aerobic and anaerobic conditions and with the addition of NADP, ferrous ions and SH-compounds. The reactions were stopped after 60 min and the mixtures were analyzed for the compounds formed from citrate. Emphasis was layed to detect radioactive malate and acetate among the products. Tab. II summarizes a series of experiments carried out with cell-free extracts of R. rubrum and C. thiosulfatophilum.
There was no radioactive malate among the products. The other product of the citrate lyase reaction, acetate, could also not be detected. creased the rate of a-ketoglutarate and glutamate synthesis, possibly by partial inactivation of eisaconitase.
In order to prove that radioactive a-ketoglutarate and glutamate were formed via isocitrate and not via malate, experiments with stereospecifically labelled citrate were conducted. 1-and 5-14 C-citrate was synthesized with citrate synthase from 4-14 Coxaloacetate and l-14 C-acetyl phosphate as radioactive precursors. Tab. Ill gives the results of experiments carried out with cell-free extracts of R. rubrum. It is evident that radioactive a-ketoglutarate and glutamate were formed regardless wether 1-14 Cor 5-14 C-citrate were employed. Radioactive acetate did not occur even on incubation with 5-14 C-citrate. The addition of citrate lyase resulted in an abundant formation of labelled acetate and malate.
In Tab. IV the specific activities of enzymes involved in the conversion of oxaloacetate and acetylCoA into a-ketoglutarate are listed. The level of citrate synthase in C. thiosulfatophilum is low but comparable to that in other obligate anaerobic bacteria 8 ' 24 . As has been shown by other investigators R. rubrum contains considerable amounts of citrate synthase, even when grown phototrophical-
[U/g of protein]
Citrate synthase 70 3 eis-Aconitase 14 16 NADP isocitrate dehydrogenase 1220 440
Tab. IV. Activity of enzymes involved in tricarboxylic acid conversions in R. rubrum and C. thiosulfatophilum.
Cells of both microorganisms were grown autotrophically. The enzyme assays are described in Methods.
ly 7 . It should be mentioned that R. rubrum would not need citrate synthase for phototrophic growth in the case that a reductive carboxylic acid cycle were present.
Since different results have been reported regarding the inhibition of citrate synthase of R. rubrum by NADH2 25 ' 26 , the enzyme was purified until it was free of malate dehydrogenase and the Concentration (mM)- effect of NADH2 and of other metabolites on the activity was tested (Tab. V). NADH2 caused significant inhibition of this enzyme (Fig. 1) . This confirmed the results of EIDELS and PREISS 25 .
a-Ketoglutarate, NADPH2 and ATP had no effect on the activity of citrate synthase from R. rubrum.
Due to the low citrate synthase activity of C. thiosulfatophilum it was not possible yet to study this enzyme after purification. Preliminary experiments with crude extracts indicated that the citrate synthase is not inhibited by NADH2 , NADPH2 , a-ketoglutarate or a hydrogen atmosphere. Thus, conditions which should favour a reductive carboxylic acid cycle do not impair the activity of the synthase. 
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A considerable amount of work has been done on the levels of acid and alkaline Pases in higher verte- 
Materials and Methods
Animals:
The lizards Uromastix hardwickii were collected from the suburbs of Karachi during winter when the animal hibernates and spring when it resumes activity. These animals were kept in the laboratory withouth food as they can survive long periods of fast. The animals used were of both sexes and weighed between 250 and 400 gm.
Enzyme source: After killing the animals, the tissues including liver, muscle, kidney, stomach, small intestine and large intestine were quickly removed and kept in different beakers containing ice cold 0.59% saline. These tissues were removed from the beakers, dried on filter paper, placed on a pre-weighed watch glass and immediately transferred to a pre-cooled homogenising cup. A 10% homogenate of the tissue was thus prepared in saline and filtered through fine muslin cloth to remove connective fibres.
Enzyme Assay: Acid and alkaline Päse activities were determined according to the method of BESSEY et al. 2 . For the estimation of AcPase 0.5 ml of suitably diluted homogenate were incubated with 1 ml 0.1 M acetate buffer pH 4.2 and 1 ml 0.03 M disodium p nitrophenyl phosphate (pNPP) solution. 0.5 ml distilled water instead of homogenate was added to the control. Test tubes were transferred to a water bath at 37 °C and incubated for 10 min 10 ml 0.2 N NaOH was added to each test tube in order to stop the reaction and provide alkaline medium for the yellow colouration of p nitrophenol. Optical densities were recorded at
